ABSTRACT Hearts of embryonic mice 9 days in utero were found to have an endogenous source of cholinergic neurons which can survive in dispersed cell cultures. These neurons are electrically excitable, have ultrastructural characteristics of cholinergic embryonic neurons, and functionally innervate heart cells in culture. The nature of the innervation described is muscarinic cholinergic. Studies using combined neuronal and muscle cells in culture promise to provide vital information on specificity of neural connections and on a variety of inductive processes occurring during development. The neural tissue is, most frequently, provided by explants of embryonic spinal cord (e.g., refs. 1-3) or more recently by explants of entire autonomic ganglia (e.g., refs. 4-6). Dispersed cell cultures of embryonic spinal cord (7, 8) or of sympathetic neurons (9-11) have proven to be even more fruitful systems for the study of the inductive interaction between neuronal and nonneuronal cells. See also the review by Nelson (12).
MATERIALS AND METHODS
Tissue Culture. Cultures were prepared by the method of DeHaan (13) . Hearts from a single litter of 9-day in utero mice (NIH Swiss, random-bred) [15-25 somite stage; Theiler (14) ] from timed matings were pooled, minced, and subjected to stepwise trypsinization. Approximately 5 X 103 cells per 35 mm dish (four dishes) or 1 X 104 cells per 60 mm dish (two dishes) were plated. Cultures were grown in a humidified atmosphere of 5% CO2 and 95% air at 37°. The cultures were left undisturbed for the first 48 hr, after which they were washed and fed daily. Because the neurons were easily removed from the dish, great care had to be taken at this step.
Pharmacology. During testing for titrable responses, cardioactive agents were prepared to final concentrations in a 2 ml volume of complete medium and added to drained cultures. Where several active ingredients were added sequentially, 10 ,ul quantities were added with a microliter pipette directly to the dish into a 2 ml medium volume. The order in which pharmacological agents was added was varied whenever pos- sible. All reagents were allowed to equilibrate in cultures for 10 min at 370 before changes in cardiocyte beat rate were assessed. Beat rates were monitored on a Wild phase-contrast inverted microscope at 450X for 2 min periods at 22°.
Carbamylcholine (carbamoylcholine) chloride, atropine sulfate, and d-tubocurarine were obtained from Calbiochem; DL-epinephrine (used as acetate salt) (DL-Epi), DL-propranolol, DL-norepinephrine-HCl (DL-NEpi), scopolamine-HCl, and Bungarus multicinctus crude venom were obtained from Sigma; phentolamine methanesulfonate was obtained from Ciba-Geigy. Nerve growth factor was obtained from Burrows-Wellcome. a-Bungarotoxin was purified from crude venom by the method of Lee et al. (15) ; 3-quinuclidinyl benzilate (QNB) (16) was obtained from Roche. Tetrodotoxin (TTX) was obtained from Sankyo, Japan.
Electrophysiology. Electrophysiological measurements were made as previously described (17 grew although no nerve growth factor had been added to the medium. Sympathetic neurons in culture exhibit an absolute requirement for this substance (9) , and sympathetic ganglia will not produce outgrowth in its absence (18) . Furthermore, when we added nerve growth factor (1 unit/ml) to our 3-day cultures, neuronal cell outgrowth during a 72 hr monitoring period was the same as in parallel control cultures. [One unit/ml was used since this level has been shown to produce outgrowth in chick sensory or sympathetic ganglia (18, 19) in [18] [19] [20] [21] [22] [23] [24] hr.] The following experiments were therefore performed to test the possibility that we were indeed dealing with a population of cholinergic neurons that were functionally innervating the heart cells, and to determine the nature of that innervation.
Pharmacology. The normal heart in mvo is sensitive to cholinergic and adrenergic agents (20, 21) via muscarinic acetylcholine receptors (22, 23) and both a-and f3-adrenergic receptors (24), respectively. We first determined that the noninnervated heart cells in culture had the ability to respond with an appropriate change in beat rate to physiologic concentrations of carbamylcholine, DL-epinephrine, and DLnorepinephrine (Fig. 5) . The carrier salt solutions at these concentrations had no effect. We used carbamylcholine to study cholinergic interactions due to its virtual resistance to hydrolysis by serum and endogenous esterases. Carbamylcholine is a cholinergic agonist with apparent dissociation constants ranging from 0.1 to 20,AM in nicotinic (25, 26) and muscarinic (27, 28) systems. We did not use acetylcholine in conjunction with esterase inhibitors (e.g., physostigmine) because of atropine-like In contrast, action potentials from heart cells in the same dish last several hundred milliseconds.
These observations indicate that all cardiocytes tested have functional muscarinic cholinergic, a-adrenergic, and j3-adrenergic receptors when grown under our culture conditions.
As indicated above, we also tested various antagonists, both cholinergic and adrenergic. None of them had any effect on noninnervated cardiocytes in the absence of agonists. However, when these antagonists were tested on innervated heart cell clusters, we found an effect as shown in Table 1 . The muscarinic antagonists caused a 1.4-fold increase in base heart rate, as the removal of the nerve cells had done, while the nicotinic cholinergic and adrenergic antagonists had no effect. This suggests that the neuronal processes were releasing an acetylcholine-like substance which was influencing the cardiocyte beat rate via muscarinic cholinergic receptors. While all the cardiocytes were capable of responding to both exogenous Epi and NEpi, we could find no evidence for the presence of adrenergic or "mixed" neurons.
Both innervated and noninnervated cardiocyte clusters were tested for sensitivity to TTX. Innervated clusters tested with 0.1 MuM TTX almost immediately responded with an increased beat rate, whereas no effect was seen (0. Fig. 7 . Adjacent cardiocytes from a 14-day cluster. Note filaments with z band, primitive intercalated disc, and gap junction (nexus; arrow). X30,700. Fig. 8 . A neuronal cell cluster such as is illustrated in Figs. 1 and 3 . Cell body has microtubules (200 A diameter), low density nucleus, and clusters of free ribosomes. Profiles of naked neuronal processes (a and b) have characteristic microtubules, large dense core vesicles, and junctional regions (arrow) which may be adhesion plaques or primitive synapses. (a) X28,000; (b) X35,700.
concentration had been increased to 9.0 mM, resting potentials of 10-3 mV were routinely obtained (e.g., 11 out of the 24 cells tested per experiment). The resting potential values were somewhat lower than the -50 to -80 mV normally expected from neurons, and may reflect damage upon impalement. These cells responded with small, nonovershooting action potentials to hyperpolarizing (anodal-break) pulses. A cell with a resting potential more negative than -70 mV was also obtained once, and this cell responded in an all-or-none fashion with overshooting action potentials to pulses of current of either polarity (1-3 nA, 1-5 msec). The bridge circuit could not be balanced due to the high impedance of the electrode and the response to depolarizing pulses was partially obscured by the stimulation pulse. Thus, only the responses to hyperpolarizing pulses are illustrated (Fig. 6a-c) . The cell generated one or several overshooting action potentials in response to a single stimulus pulse. In some of our records (Fig. 6a and c, arrows) the return of the resting potential from the hyperpolarizing after-potential is not smooth. The activity that follows the action potential could reflect either (i) intrinsic membrane properties or (ii) synaptic interactions between neurons, a primitive form of the "complex waves" reported for dispersed neurons from superior cervical ganglion in vitro (30) . Simultaneous recordings from two or more neurons would be required to resolve this point.
The neuronal electrical response was characteristically different from that obtained from impaled heart cells (Fig. 6d) . It has not yet been possible to impale a neuron and its innervated heart cell simultaneously to demonstrate directly synaptic interaction; however, the preliminary electrophysiological evidence presented here, in conjunction with the pharmacological and electron microscopic data presented in this study, leaves no doubt as to the neuronal nature of these cells. Electron Microscopy. Cardiocytes from a cell cluster 14 days in culture are illustrated in Fig. 7 . Nonmuscle cells of an undefined nature were part of the large cell clusters and were usually situated at the periphery of such clusters. Fig. 8a (1976) glion cell normally exist but where there is no source of sympathetic neurons, we conclude that our neurons are of parasympathetic origin. If correct, then, to our knowledge this is the first report of successful growth of fully dissociated parasympathetic neurons in vitro. These neurons were discovered during a more extensive study to be presented elsewhere (Lane, Sastre, and Salpeter, in preparation) on the ability of single cardiocytes in culture from 9-, 14-, and 17-day in utero, or 1-day post-natal, mice to respond to cardioactive agents. We found that the neurons were consistently present in cultures prepared from 9-day in utero mouse hearts, especially from early 9-day stages, but not in cultures from other ages tested. At present, we have not observed these neurons to undergo cell division in vitro. Since neurons are present in the 9-day in utero embryos, it seems reasonable to conclude that older hearts in vivo also contain intrinsic cholinergic neurons and that the absence of neurons in cultures derived from older hearts may be due to the inability of the older neurons to survive the culture procedures.
The preliminary electrophysiological data presented here suggest the possibility of neuron-neuron synapses. However, at this time we cannot rule out the possibility that the activity which follows the action potential results from properties of neuronal cell membranes. Electron microscopic observations also show areas of possible primitive neuron-neuron synapse formation; however, here too these may represent mere adhesion plaques. More experimentation is needed to clarify this point.
In conclusion, these dissociated parasympathetic neuronal cell cultures offer another model system in which the molecular events underlying synaptogenesis can be studied under controlled conditions. In addition, since we have shown that nerve cells capable of secreting acetylcholine-like substances are present in 9-day in utero mouse heart, i.e., the earliest functional heart (14) , one cannot use, as is often done, the onset of vagal innervation as the beginning of possible neurotrophic influence in the heart. Similarly, studies that suggest nonneuronal synthesis of acetylcholine in the heart prior to vagal innervation (32, 33) must be reexamined.
